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Neurons and glia are produced in stereotyped patterns after neuroblast cell division during development of the Drosophila
central nervous system. The first cell division of thoracic neuroblast 6-4 (NB6-4T) is asymmetric, giving rise to a glial
precursor cell and a neuronal precursor cell. In contrast, abdominal NB6-4 (NB6-4A) divides symmetrically to produce two
glial cells. To understand the relationship between cell division and glia–neuron cell fate determination, we examined and
compared the effects of known cell division mutations on the NB6-4T and NB6-4A lineages. Based on observation of
expression of glial fate determination and early glial differentiation genes, the onset of glial differentiation occurred in
NB6-4A but not in NB6-4T when both cell cycle progression and cytokinesis were genetically arrested. On the other hand,
glial differentiation started in both lineages when cytokinesis was blocked with intact cell cycle progression. These results
showed that NB6-4T, but not NB6-4A, requires cell cycle progression for acquisition of glial fate, suggesting that distinct
mechanisms trigger glial differentiation in the different lineages. © 2000 Academic Press
Key Words: neuroblast; glia; neuron; cell division; gcm; repo; string; pebble; cyclin A; Drosophila.e
i
u
s
g
(
d
s
lINTRODUCTION
In the development of multicellular organisms, a variety
of cells are produced at the appropriate time and place.
Many studies have been performed to investigate the
mechanisms of generation of cell-type diversity (Gurdon,
1992; Horvitz and Herskowitz, 1992; Greenwald and Rubin,
1992; Jan and Jan, 1995). Neurogenesis has been extensively
studied in Drosophila (Goodman and Doe, 1993). However,
the mechanisms responsible for establishment of cellular
identity within one stem cell lineage, including glial and
neuronal cell fate bifurcation in neuroblasts (NBs), remain
to be elucidated.
In the Drosophila embryonic central nervous system
(CNS), about 300 neurons and 30 glial cells (Ito et al., 1995;
1 To whom correspondence should be addressed. Fax: 181-75-
315-6420. E-mail: yasuko@cell.tsukita.jst.go.jp.2 CREST Researcher.
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All rights of reproduction in any form reserved.Bossing et al., 1996) are produced in a stereotyped pattern in
ach hemisegment. These cells are derived from about 30
dentified NBs (Doe, 1992; Broadus et al., 1995). NBs
sually divide asymmetrically several times to generate
maller ganglion mother cells from the basal side, and then
anglion mother cells divide once to become two neurons
Goodman and Doe, 1993). Little is known about cell
ivisions that produce glial cells. Recent studies using the
ingle-cell labeling method have revealed the terminal
ineages of NBs (Bossing et al., 1996; Schmidt et al., 1997).
Based on cell types of progeny cells, NBs are grouped into
three classes: the first class produces both glia and neurons,
the second class only glial cells, and the third class only
neurons. The first and second classes of NBs are particularly
called neuroglioblasts and glioblasts, respectively.
In the neuroglioblast lineages, cell fate determination
between glia and neurons might occur at the appropriate
point(s) of development. To elucidate the mechanism re-
sponsible for the decision between these alternative fates,
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(NB6-4T) is a neuroglioblast generating three glia and four
to six neurons (Schmidt et al., 1997). The first cell division
of the NB results in production of a glial precursor cell at
the medial side and a neuronal precursor cell at the lateral
side (Akiyama-Oda et al., 1999). In contrast, the correspond-
ing cell in the abdominal segment (NB6-4A) divides only
once to become two glial cells (Higashijima et al., 1996;
Schmidt et al., 1997).
In the Drosophila CNS, the glial cells missing (gcm) gene
controls a choice between glial and neuronal fates, and cells
expressing gcm become glia (Hosoya et al., 1995; Jones et
al., 1995; Vincent et al., 1996). Gcm protein is a transcrip-
tion factor (Akiyama et al., 1996; Schreiber et al., 1997;
Miller et al., 1998) and determines cell fate by regulating
expression of other genes such as repo (Akiyama et al.,
1996), encoding a glia-specific homeodomain protein (Xiong
et al., 1994; Campbell et al., 1994; Halter et al., 1995).
Examination of gcm expression revealed strict regulation in
the neuroglioblast NB6-4T lineage (Akiyama-Oda et al.,
1999). NB6-4T and NB6-4A express gcm mRNA from before
the first cell division. However, in NB6-4T gcm mRNA is
detected unevenly during cell division and is preferentially
localized in the medial daughter cell when the cell division
is completed, and Gcm protein is detected in the cell. On
the other hand, in the NB6-4A lineage gcm mRNA and
protein are expressed in both daughter cells. Thus, particu-
larly in NB6-4T, the first division may play some role in
regulating Gcm expression.
Several studies using drugs in ascidian and Caenorhabdi-
tis elegans embryos (Satoh and Ikegami, 1981; Edgar and
McGhee, 1988), and using cell division mutant embryos in
Drosophila (Hartenstein and Posakony, 1990; Cui and Doe,
1995; Weigmann and Lehner, 1995), have shown that cell
cycle progression, cytokinesis, and DNA synthesis are
required to trigger lineage-specific gene expression. None-
theless, it was also shown that some of lineage-specific
genes are normally expressed in these cell division-arrested
embryos (Satoh and Ikegami, 1981; Edgar and McGhee,
1988; Harris and Hartenstein, 1991; Hartenstein and Posa-
kony, 1990; Cui and Doe, 1995; Weigmann and Lehner,
1995), suggesting that multiple mechanisms regulate gene
expression. The molecular bases for these regulatory
mechanisms are not yet clear.
In this study, we investigated the relationship between
cell division and the onset of glial differentiation in the
NB6-4T and NB6-4A lineages using cell division mutants
string (stg) (Edgar and O’Farrell, 1989, 1990), cyclin A (cycA)
(Lehner and O’Farrell, 1989), and pebble (pbl) (Lehner, 1992;
Hime and Saint, 1992). In these mutants, the first 13
nuclear divisions and the subsequent cellularization take
place normally, and then distinct phenotypes appear. The
stg mutation leads to cell cycle arrest in G2 of cycle 14,
which is the first cell cycle for NBs (Edgar and O’Farrell,
1989, 1990). In the cycA mutant, cycle 14 and sometimes
cycle 15 proceed before the cell cycle is arrested (Lehner and
O’Farrell, 1989). The pbl mutation allows cell cycle progres- t
Copyright © 2000 by Academic Press. All rightsion without cytokinesis (Lehner, 1992; Hime and Saint,
1992). We compared the expression of glial fate determina-
tion and early glial differentiation proteins, Gcm and Repo,
in the NB6-4T and NB6-4A lineages among these mutants.
Our observations indicated that the onset of glial differen-
tiation requires cell cycle progression in neuroglioblast
NB6-4T, but not in glioblast NB6-4A, suggesting distinct
mechanisms of glial differentiation in the cells.
MATERIALS AND METHODS
Fly Strains
A string null allele, stg7B69 (stg7) (Edgar and O’Farrell, 1989) and a
ycA mutant strain, l(3)183 (cycA183) (Hoogwerf et al., 1988; Lehner
nd O’Farrell, 1989) were used. pbl7O79 (pbl7) is the strongest pbl
allele (Ju¨rgens et al., 1984), and Df(3L)pblnr is a strain with a pbl
locus deficiency (Hime and Saint, 1992). Since the same results
were obtained in the NB6-4 fate with pbl7/Df(3L)pblnr and pbl7
homozygous embryos, the results obtained with the pbl7 allele are
resented here. K42 is a transgenic strain containing the eagle–
inesin–lacZ (eg-kinZ) marker (Higashijima et al., 1996) and was
used to identify NB6-4 and its progeny cells. The eg-kinZ marker
was introduced into these mutant strains by chromosome recom-
bination. Either K42 or Canton S was used as a control. TM3
ftz-lacZ balancer was used to identify the genotype. gcmp is an
enhancer trap strain with a P-element insertion at the gcm locus
(Hosoya et al., 1995) and was used to detect the transcriptional
state of the gcm gene. For the rescue of cell division, UAS–stg.N.16
UAS-stg) (Neufeld et al., 1998), engrailed (en)–GAL4 (gift from
A. H. Brand), and MZ360 (eagle (eg)–GAL4) (Dittrich et al., 1997)
were used.
Staining of Embryos
Embryos were fixed in a mixture of 4% paraformaldehyde in
Chan and Gehring’s buffered saline [55 mM NaCl, 40 mM KCl, 15
mM MgSO4, 5 mM CaCl2, 10 mM Tricine (pH 6.9), 20 mM glucose,
50 mM sucrose] with heptane and then devitellinized with 80%
ethanol (for anti-Spectrin), with methanol (for the other antibod-
ies), or by hand-peeling (for phalloidin). After overnight incubation
with primary antibody at 4°C, the embryos were further incubated
with secondary antibody at room temperature for at least 2 h.
Stained embryos were examined with a Zeiss Axiophot 2 micro-
scope equipped with a Bio-Rad laser confocal system (MRC1024).
For immunostaining the following antibodies were used: rat-anti-
Gcm (Akiyama-Oda et al., 1998) preincubated with 0- to 3-h
embryos and used at a dilution of 1:200, rabbit-anti-Repo (Halter et
al., 1995) at 1:200, mouse-anti-En (Patel et al., 1989) at 1:100, rabbit
anti-Spectrin (Byers et al., 1987) at 1:1000, mouse anti-b-gal (Pro-
ega) at 1:1000, and rabbit anti-b-gal (Cappel) preincubated with
wild-type embryos and used at 1:5000. As secondary antibodies
FITC-conjugated anti-rat antibody (Jackson) and rhodamine-
conjugated anti-rabbit and FITC-conjugated anti-mouse antibodies
(Chemicon) were used at 1:200 dilution. For HRP staining, biotin-
conjugated anti-mouse IgG (Amersham) and a Vectastain Elite ABC
kit (Vector) were used. To visualize the actin filaments, phalloidin–
fluorescein (Molecular Probes) was used as described elsewhere
(Ashburner, 1989). For DNA staining, embryos were incubated
with 1 mM TOTO3 (Molecular Probes) for several hours at room
emperature or overnight at 4°C.
s of reproduction in any form reserved.
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431Glial Fate Determination and Cell DivisionWhole-Mount in Situ Hybridization
In situ hybridization was performed as described in Lehmann
and Tautz (1994). Full-length gcm cDNA (Hosoya et al., 1995) was
sed as a template for production of digoxigenin-labeled riboprobes.
nti-digoxigenin–alkaline phosphatase (Boehringer) was used for
etection. For double-labeling, we carried out antibody staining
rst as mentioned above and then performed hybridization.
RESULTS
Effects of stg, cycA, and pbl on Cell Division
of NB6-4
NB6-4T divides asymmetrically, generating a glial pre-
cursor cell at the medial side and a neuronal precursor cell
TABLE 1
Number and Cell Fate of NB6-4 Progeny
Thoracic segm
Number of
NB6-4T
progeny
cells
Number of
Repo-
positive
cells
Cell
bifurca
eg-kinZ 5.6 6 0.5 2.9 6 0.3 36 (10
tg7, eg-kinZ 1 6 0 0 6 0 0 (0%
UAS-stg/1; eg-GAL4, stg7/
eg-kinZ, stg7 4.2 6 1.2 1.8 6 0.9 28 (93
n-GAL4/UAS-stg; stg7,
eg-kinZ 5.8 6 2.0 3.1 6 1.3 48 (10
ycA183, eg-kinZ 2.7 6 0.6 1.6 6 0.6 29 (97
bl7, eg-kinZc 3.4 6 1.0 3.4 6 1.0 0 (0%
Note. Embryos were examined at early stage 12.
a Hemisegments which contained both Repo-positive and -negat
b Some hemisegments contained no eg-kinZ-positive cells cor
g-kinZ-positive NB6-4 were examined. Values in parentheses are
c In pbl mutant, the number of nuclei was counted.
FIG. 1. stg, cycA, and pbl mutations affect cell division of NB6-4
at early stage 12 were triple stained for b-gal (eg-kinZ, red), DNA (g
in pseudo-color. Each pair shows the same confocal section. Embry
and anterior is up and midline is to the left. All pictures show ven
observed at this stage. Three are in focus (arrows). Cell boundaries
mononucleated cell (arrow) due to a loss of cell division. (E, F) In
indicate two progeny cells. (G, H) In pbl mutant NB6-4T (arrow), c
ell. Bar, 10 mm.
FIG. 2. Gcm and Repo were not detectable in stg mutant NB6-4T
(eg-kinZ, red) and Gcm (green) (A, B, E, F) or b-gal (eg-kinZ, re
cm/Repo-positive and -negative cells in the NB6-4 lineages, respec
NB2-4, 3-3, and 7-3. (A–D) In the NB6-4T lineage, the medial daugh
Repo. In the NB6-4A lineage, both daughter cells expressed these p
in NB6-4T (E, G, arrowhead), whereas these proteins were expressed in
Copyright © 2000 by Academic Press. All rightt the lateral side, while NB6-4A divides symmetrically,
roducing two glial cells (Akiyama-Oda et al., 1999). To
nvestigate the relationship between cell division and glia–
euron cell fate determination in NB6-4, cell division
utants stg, cycA, and pbl (Edgar and O’Farrell, 1989, 1990;
Lehner and O’Farrell, 1989; Lehner, 1992; Hime and Saint,
1992) were used. We first examined the effects of these
mutations on cell division of NB6-4. A marker transgene,
eg-kinZ, which is expressed in only four NBs, including
NB6-4, and in their progeny cells under the control of the eg
gene promoter (Higashijima et al., 1996), was placed in each
mutant background. Cells corresponding to NB6-4 and its
progeny were identified on the basis of b-gal expression and
he position within segment. The expression of eg-kinZ was
etected normally in NB6-4 as well as in three other NBs in
Abdominal segment
a
Number of
hemisegments
examined
Number of
NB6-4A
progeny
cells
Number of
Repo-
positive
cells
Number of
hemisegments
examined
36 2 6 0 2 6 0 36
48 1 6 0 1 6 0 43 (90%)b
30 1.8 6 0.6 1.8 6 0.6 30
48 3.1 6 1.3 3.0 6 1.2 48
30 1.6 6 0.6 1.6 6 0.6 30
33 (92%)b 1.8 6 0.4 1.8 6 0.4 16 (18%)b
rogeny cells in the NB6-4T lineage were counted.
nding to NB6-4 or its progeny cells. Only hemisegments with
entages of the total number of hemisegments.
ild-type (A, B), stg7 (C, D), cycA183 (E, F), and pbl7 (G, H) embryos
) (A, C, E, G), and F-actin (B, D, F, H). The DNA staining is shown
own in this paper except those in Fig. 3 bear the eg-kinZ marker,
iews. (A, B) In wild-type, four to six progeny cells of NB6-4T were
visible by phalloidin staining (B). (C, D) In stg, NB6-4T is a large
A, NB6-4T divides once or twice before cell cycle arrest. Arrows
cle progresses without cytokinesis. Three nuclei are visible in the
d-type (A–D) and stg7 (E–H) embryos were double-labeled for b-gal
nd Repo (green) (C, D, G, H). Arrows and arrowheads indicate
y. Arrowheads 2, 3, and 7 indicate b-gal-positive cells derived from
ell (A, arrow) and its progeny cells (C, arrows) expressed Gcm and
ns (B, D, arrows). (E–H) In stg, neither Gcm nor Repo was detectedent
fate
tion
0%)
)
%)
0%)
%)
)
ive p
respo
percT. W
reen
os sh
tral v
were
cyc
ell cy
. Wil
d) a
tivel
ter c
rotei
NB6-4A of the same embryos (F, H, arrow). Bar, 10 mm.
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434 Akiyama-Oda et al.most of mutant hemisegments, although some hemiseg-
ments of stg and pbl mutants, especially abdominal he-
misegments of pbl, contained no eg-kinZ-positive cells
corresponding to NB6-4 as mentioned below and in Table 1.
It was not clear, however, whether the NB was missing or
expression of the eg-kinZ marker was lost in those hemiseg-
ments.
In wild-type embryos bearing eg-kinZ, NB6-4T divided
into five to six cells, and NB6-4A into two cells by early
stage 12 (Table 1). Outlines of these cells were clearly
revealed by phalloidin staining (Figs. 1A and 1B). In stg
mutant embryos, single large mononucleated cells with
NB6-4 identity appeared in most of the thoracic hemiseg-
ments and 90% of abdominal hemisegments (Table 1; Figs.
1C and 1D). In cycA mutant embryos, two to four progeny
cells of NB6-4T appeared in each hemisegment as a result of
cell division probably once or twice (Table 1; Figs. 1E and
1F). NB6-4A in 57% of hemisegments (n 5 30) divided once
n this mutant. In pbl mutant embryos, large multinucle-
ted cells with NB6-4T identity appeared in 92% of thoracic
emisegments (Table 1; Figs. 1G and 1H). These cells had
.4 6 1.0 nuclei on average. In contrast to NB6-4T, cells
ith NB6-4A identity were present in only a small percent-
ge of abdominal hemisegments (18%, n 5 160). Many of
hese cells had two nuclei (75%, n 5 16). These observa-
ions indicated that NB6-4 as well as most other cells
xhibited cell division defects in stg, cycA, and pbl and that
the cell was in a distinctly unusual situation in each
mutant. In stg, transition of NB6-4 to the mitotic phase was
blocked. In cycA, the first cell division of NB6-4 occurred
normally in many hemisegments, but it was frequently
followed by cell cycle arrest in the divided cells. In pbl,
mitosis of NB6-4 proceeded without cytokinesis.
Glial Differentiation Is Disturbed in stg Mutant
NB6-4T
To determine the effects of cell cycle arrest on cell fate of
NB6-4, we examined expression of a glial fate determina-
FIG. 3. gcm mRNA was not detected in stg mutant NB6-4T. (A
wild-type (A, B) and stg7 (C, D) embryos at stage 11. (A, B) gcm mR
not in the lateral daughter (A, arrowhead). Both daughter cells of N
detected in NB6-4T (C, arrowhead), but was expressed in NB6-4A
tg7/stg7 (G, H) embryos were stained for b-gal (gcmp-lacZ) and En
nd NB6-4A (F, arrows) in the gcmp/1 embryo and in NB6-4T (G,
up. Vertical bars indicate midline. Scale bar, 7.5 mm (A–D) and 20
FIG. 4. Glial differentiation in stg mutant NB6-4T was restored
embryos were triple stained for b-gal (red), DNA (green) (A), and F-a
red) and Repo (green) (E, F). Arrowheads 2, 3, and 7 indicate cells
ells of NB6-4T that resulted from rescued cell divisions. Other eg-
ells around the NB6-4T progeny were still large (compare Figs. 1C
edial daughter cell (arrow), but not in the lateral daughter (arrow
n (C), Gcm was expressed in both daughter cells of NB6-4A (arrow
n the NB6-4T lineage. (F) Both daughter cells of NB6-4A were Repo-po
Copyright © 2000 by Academic Press. All rightion protein, Gcm (Hosoya et al., 1995; Jones et al., 1995;
incent et al., 1996), and an early glial marker protein, Repo
Xiong et al., 1994; Campbell et al., 1994; Halter et al.,
995), in stg mutant embryos. In normal development of
NB6-4T, these proteins are detectable in the medial daugh-
ter cell after the first cell division and in its progeny cells
(Figs. 2A and 2C; Table 1), while they are expressed in both
daughter cells of NB6-4A (Figs. 2B and 2D; Table 1)
(Akiyama-Oda et al., 1999). In stg mutant embryos, neither
Gcm nor Repo was detectable in NB6-4T (Figs. 2E and 2G;
Table 1), whereas both proteins were expressed in NB6-4A
at levels comparable to those of wild-type embryos (Figs. 2F
and 2H; Table 1). This indicated that stg activity is required
for the onset of glial differentiation in neuroglioblast NB6-
4T, but not in glioblast NB6-4A.
We next observed gcm mRNA to determine whether
the lack of Gcm expression in stg mutant NB6-4T re-
sulted from loss of transcription or failure of posttran-
scriptional regulation. In contrast to wild-type embryos,
in which gcm mRNA is detected in both the NB6-4T and
the NB6-4A lineages (Figs. 3A and 3B) (Akiyama-Oda et
al., 1999), we detected gcm mRNA in NB6-4A, but not in
NB6-4T of stg mutant embryos (Figs. 3C and 3D). This
indicated that transcription of gcm in NB6-4T did not
occur or occurred at only a very low level in the mutant
embryos. To determine whether transcription occurred,
we used the gcmp enhancer-trap strain (Hosoya et al.,
995). In gcmp/1 heterozygous embryos, expression of
the reporter lacZ gene may reflect the transcriptional
state of the gcm gene. This gcmp-lacZ marker was
expressed even in stg mutant NB6-4T (Fig. 3G), although
the expression level was low compared with that in
NB6-4A of the same embryos (Fig. 3H). In NB6-4T and
NB6-4A of gcmp/1 embryos, levels of lacZ expression
were comparable (Figs. 3E and 3F). These observations
implied that transcription of gcm initially occurred in stg
mutant NB6-4T, but did not reach a significant level,
resulting in a loss of glial differentiation.
gcm mRNA (purple) and En protein (brown) were visualized in
as detected in the medial daughter cell of NB6-4T (A, arrow), but
4A expressed gcm mRNA (B, arrows). (C, D) gcm mRNA was not
arrow) of the same stg embryo. (E–H) gcmp/1 (E, F) and gcmp/1;
shown). b-Gal was detected in progeny cells of NB6-4T (E, arrows)
s) and NB6-4A (H, arrows) in the stg mutant embryo. Anterior is
(E–H).
e rescue of cell division. UAS-stg/1; eg-GAL4, stg7/eg-kinZ, stg7
(B) or double stained for b-gal (red) and Gcm (green) (C, D) or b-gal
ed from NB2-4, 3-3, and 7-3. (A, B) Arrows indicate three progeny
-positive NBs (arrowheads 2, 3, and 7) were less frequently divided.
1D). (C) In the rescued embryo, Gcm protein was expressed in the
) of NB6-4T. (D) In the abdominal segment of the same embryo as
There were Repo-positive (arrows) and -negative (arrowhead) cells–D)
NA w
B6-
(D,
(not
arrow
mm
by th
ctin
deriv
kinZ
and
head
s). (E)sitive. Bar, 10 mm.
s of reproduction in any form reserved.
f
i
i
u
W
e
c
o
o
(
w
o
1
t
d
o
p
t
n
m
e
G
n
6
e
a
e
r
c
p
n
6
c
n
(
e
i
d
t
f
t
i
c
p
o
a
s
s
f
t
e
(
c
435Glial Fate Determination and Cell DivisionGlial Differentiation and Cell Fate Bifurcation in
stg Mutant NB6-4T Are Restored by the Rescue
of the First Cell Division
The loss of glial differentiation in stg NB6-4T may result
rom the cell division defect of NB6-4T or that of surround-
ng cells. In the next experiments, cell division of NB6-4T
n stg mutant was rescued by restricted expression of stg
sing the GAL4-UAS system (Brand and Perrimon, 1993).
e used eg-GAL4 and en-GAL4; the former drives gene
xpression in eg-positive cells and the latter in en-positive
ells. en is expressed in cells at the posterior compartment
f each segment, including NB6-4. With respect to the fate
f NB6-4, we obtained the same results with both strains
Table 1). Therefore, we will concentrate on only the results
ith eg-GAL4.
In UAS-stg/1; eg-GAL4, stg7/eg-kinZ, stg7 embryos, we
bserved 4.2 6 1.2 and 1.8 6 0.6 progeny cells of NB6-4T
and NB6-4A on average, respectively (Table 1), although the
surrounding cells were still large as observed in the stg
mutant (Figs. 4A and 4B, compare with Figs. 1C and 1D). In
these rescued embryos, we found that a proportion of the
progeny cells in the NB6-4T lineage, as well as all those in
the NB6-4A lineage, expressed Gcm and Repo (Figs. 4C–4F;
Table 1). This indicated that the onset of glial differentia-
tion and generation of two types of cells in the NB6-4T
lineage were restored. Moreover, when the number of
NB6-4T progeny was 2, the sibling cells lay along the
mediolateral axis and one of the cells in the medial side
expressed Gcm in most cases (92%, n 5 38) (Fig. 4C),
indicating that orientation of cell division was correct.
Thus, the onset of glial differentiation and cell fate bifurca-
tion were restored by the rescue of cell division in NB6-4T,
independent of cell divisions in surrounding cells.
Cell Fate Bifurcation in the NB6-4T Lineage Is
Relatively Normal in cycA Mutant Embryos
In the cycA mutant, NB6-4T divided once or twice in most
of the hemisegments (Table 1; Figs. 1E and 1F). When two
progeny cells were observed in the NB6-4T lineage, these
sibling cells were arranged along the mediolateral axis and
Gcm protein was expressed in the cell at the medial side in
most cases (94%, n 5 50) (Fig. 5A). At the later stage, both
Repo-positive and -negative progeny cells were observed
(97%, n 5 30) (Fig. 5C; Table 1). These observations indicated
that the first cell division, its orientation, the onset of glial
differentiation, and cell fate bifurcation occurred correctly in
cycA mutant NB6-4T. On the other hand, in the abdominal
segment of this mutant, more than half of NB6-4A divided
once into two cells. Irrespective of this cell division, Gcm and
Repo were expressed in all progeny of the NB (Figs. 5B and 5D).
All Nuclei of NB6-4T and NB6-4A in pbl Mutant
Embryos Express Glial Proteins
In pbl mutant NB6-4T, cell cycle proceeded without
cytokinesis, resulting in multinucleation of the cell (Figs. d
Copyright © 2000 by Academic Press. All rightG and 1H). We examined expression of Gcm and Repo in
he nuclei of the cell. Since these are nuclear proteins, we
id not distinguish the nuclei in which initial transcription
f the gcm gene occurred from those in which these
roteins entered after translation. After cycle 14, which is
he first cell cycle for NBs resulting in generation of two
uclei, we detected Gcm protein in both nuclei of pbl
utant NB6-4T (Figs. 6C and 6D), in contrast to wild-type
mbryos, in which only one of the sibling cells expressed
cm (Figs. 6A and 6B). After several cell cycles, all the
uclei in mutant NB6-4T showed Repo expression (Figs.
E–6H; Table 1). In many cases, more than three nuclei
xpressing Repo were found (45%, n 5 33) (Figs. 6E–6H),
lthough NB6-4T produces three glial cells in wild-type
mbryos. These results indicated that cytokinesis was not
equired for the onset of glial differentiation and that loss of
ytokinesis forced additional nuclei to exhibit the glial
roteins. In pbl mutant NB6-4A, we observed one or two
uclei, all of which expressed Gcm and Repo (Table 1; Figs.
I and 6J).
DISCUSSION
The Onset of Glial Differentiation Requires Cell
Cycle Progression in the NB6-4T Lineage
The first sign of glial differentiation in the NB6-4T
lineage is coincident with the first cell division, as we
reported previously (Akiyama-Oda et al., 1999). In this
study, we examined the relationships between cell division
and glial differentiation using stg, cycA, and pbl mutants
(Fig. 7) and suggested that the onset of glial differentiation
requires cell cycle progression in the NB6-4T lineage.
Mutation of stg, which blocks the progression of the cell
ycle, caused a loss of expression of the glial fate determi-
ation protein Gcm and early glial protein Repo in NB6-4T
Fig. 2). This differentiation defect was rescued by exog-
nous expression of stg in a restricted population of cells
ncluding NB6-4T (Fig. 4). Using eg-GAL4 as an expression
river, most cells that surrounded NB6-4T were still defec-
ive in cell cycle progression. A portion of the cells derived
rom NB6-4T still showed signs of glial differentiation in
his situation. The onset of expression of the glial proteins
n the NB6-4T lineage probably requires stg activity in the
ell but not in the surrounding cells. There are at least two
ossibilities that explain how stg mutation affects the onset
f glial differentiation in NB6-4T: one is that phosphatase
ctivity of Stg protein is directly required for Gcm expres-
ion and the other is that stg-mediated cell cycle progres-
ion is needed for function and/or distribution of some
actors which are necessary for Gcm expression. We prefer
he latter possibility, since not all the stg-induced cells
xpressed the glial proteins in the rescue experiments
Table 1; Fig. 4). The normal expression of glial markers in
ycA mutant embryos (Fig. 5), in which the first cell
ivision was normal, was consistent with the notion that
s of reproduction in any form reserved.
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436 Akiyama-Oda et al.the first cell division is a critical point for the onset of glial
differentiation in the NB6-4T lineage.
In pbl mutant embryos, which lack cytokinesis, all the
FIG. 5. The first cell division of NB6-4T occurred normally in cycA
(green) (A, B) or b-gal (eg-kinZ, red) and Repo (green) (C, D). Simi
etected in the medial daughter (A, C, arrows), but not in the lateral
n both daughters of NB6-4A (B, D, arrows). Bar, 10 mm.
FIG. 6. All the nuclei in pbl mutant NB6-4T express Gcm and Re
(eg-kinZ, red), Gcm (green) (A, C), and Spectrin (B, D) or for b-gal (eg-ki
confocal section. Broken lines indicate the outline of NB6-4 (F, H, J). (A
daughter (arrowhead), of wild-type NB6-4T. Cell cortices were visuali
mutant NB6-4T (arrow). (E–H) These images show the same NB6-4T
G. All of the four nuclei in the NB6-4T expressed Repo. (I, J) Both nunuclei of NB6-4T expressed the glial proteins (Fig. 6), r
Copyright © 2000 by Academic Press. All rightuggesting that cytokinesis is not required for the onset of
lial differentiation in the NB6-4T lineage. It was also
uggested that cytokinesis may be required for negative
cA183 embryos were double stained for b-gal (eg-kinZ, red) and Gcm
wild-type embryos (Figs. 2A–2D), Gcm and Repo proteins were
hter (A, C, arrowheads), of NB6-4T. These proteins were expressed
ild-type (A, B) and pbl7 (C–J) embryos were triple stained for b-gal
ed), Repo (green) (E, G, I), and DNA (F, H, J). Each pair shows the same
cm was detected in the medial daughter (arrow), but not in the lateral
y anti-Spectrin antibody (B). (C, D) Both nuclei expressed Gcm in pbl
bl mutant embryo. The same nucleus is shown by asterisks in E and
n NB6-4A expressed Repo. Bar, 10 mm.. cy
lar to
daug
po. W
nZ, r
, B) G
zed b
in a pegulation of glial differentiation, since more than three
s of reproduction in any form reserved.
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437Glial Fate Determination and Cell Divisionnuclei in pbl mutant NB6-4T, in contrast to three glial cells
n the wild-type, expressed Repo (Table 1; Fig. 6).
In wild-type embryos, expression of Gcm protein be-
omes prominent in one of the daughter cells shortly after
he first cell division of NB6-4T (Akiyama-Oda et al., 1999).
cm protein was not detected in NB6-4T of the stg mutant,
hile b-gal was detected, although rather weakly, in the
cell of stg mutants bearing gcmp-lacZ (Figs. 2 and 3). This
indicated that the gcm promoter may be initially activated
even when cell cycle progression was arrested by stg muta-
tion. Cell cycle progression of NB6-4T appeared to be more
closely related to up-regulation of Gcm expression. This
regulatory mechanism may lead to a sufficient level of Gcm
expression, which enables transcription of downstream
FIG. 7. Summary of the NB6-4T and NB6-4A lineages in wild-typ
daughter cell of NB6-4T and both daughter cells of NB6-4A expres
differentiation did not occur in NB6-4T, but occurred in NB6-4A.
glial proteins.glia-specific genes including repo (Akiyama et al., 1996).
Copyright © 2000 by Academic Press. All rightAs shown previously (Akiyama-Oda et al., 1999), gcm
RNA is present from before the first cell division of
B6-4T in wild-type embryos. The level of Gcm protein in
he NB6-4T lineage is possibly controlled by several steps of
egulation, including transcription, stability of mRNA, and
ranslation. The findings of this study suggested that such
egulatory mechanisms involve stg-mediated cell cycle pro-
ression.
Different Mechanisms for the Start of Glial
Differentiation in NB6-4T and NB6-4A
NB6-4T and NB6-4A are the corresponding cells in tho-
racic and abdominal segments that share expression of
d mutant embryos. (A) In wild-type and cycA mutant, the medial
lial determination and early glial proteins. (B) In stg mutant, glial
pbl mutant, all the nuclei in NB6-4T and NB6-4A expressed thee an
sed g
(C) Insome marker genes, including en and eg (Broadus et al.,
s of reproduction in any form reserved.
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438 Akiyama-Oda et al.1995). However, these cells show distinct patterns of pro-
liferation and cell fate. NB6-4T produces three glial cells
and four to six neuronal cells, while NB6-4A produces only
two glial cells (Schmidt et al., 1997). Despite this difference,
lial fate arises from both lineages. Our analyses using stg
utant embryos revealed that the effects of the mutation
n glial differentiation in the NB6-4T and NB6-4A lineages
re distinct. In the mutant, expression of Gcm and Repo
as detected in NB6-4A but not in NB6-4T. This indicated
hat the start of glial differentiation in NB6-4T is dependent
n stg-mediated cell cycle progression but that in NB6-4A is
ot.
This raises the question of whether the different regulatory
echanisms for glial differentiation in these cells are reflected
y their distinct cell types, neuroglioblast and glioblast. In the
ther glioblast GP, we detected Gcm and Repo expression in
he stg mutant (not shown), indicating that glial differentia-
ion in the glioblasts is independent of cell cycle progression.
n addition to these glioblasts, we observed a few cells express-
ng the glial proteins in the mutant (not shown). These cells
ight have been neuroglioblasts, suggesting that there may be
nother mechanism to control the onset of glial differentia-
ion in neuroglioblast lineages.
Cell Fate Bifurcation in NB6-4T
In the NB6-4T lineage, the first cell division is a critical
step for triggering glial differentiation. Coincident with the
onset of glial differentiation, cell fate bifurcation also oc-
curs. In the cell division rescue experiments using eg-GAL4
(Fig. 4), Gcm-positive and -negative cells appeared after the
first cell division, although surrounding cells were still stg
mutant. The cell fate bifurcation is probably regulated cell
intrinsically and coupled to cell division. In contrast, all the
nuclei of NB6-4T in the pbl mutant expressed Gcm and
Repo (Fig. 6). This may be because these proteins contain
the nuclear localization signal that enables them to enter
the nuclei within the single cell after translation, even if
asymmetry might initially appear within the cell.
During cell division of NBs, the transcription factor
Prospero is asymmetrically segregated to ganglion mother
cells (Knoblich et al., 1995; Hirata et al., 1995; Spana and
Doe, 1995), in which this protein has a role in specification
of cell identity (Doe et al., 1991; Chu-LaGraff et al., 1991;
Ikeshima-Kataoka et al., 1997). The first cell division of
NB6-4T showed some similarity to such NB division, since
the transcription factor Gcm is expressed preferentially in
one daughter cell after cell division to start sublineage-
specific differentiation. There may be a repressor and/or an
activator of Gcm expression, which should be segregated to
or expressed only in the neuronal daughter cell and the glial
daughter cell.
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